The exposure of rats to a dietary regimen containing 2-acetylaminofluorene induces a sequence of hepatocellular alterations leading to the development of prencoplastic nodules. Groups of 2-acetylaminofluorenetreated rats were given glutathione or N-acetylcysteine to evaluate the effects of these different thiols on the sequence of events that originate transformed cells. It is well known that intracellular thiols protect biological macromolecules from scavenging free radicals and electrophilic compounds produced by the metabolism of chemical agents. Male Wistar rats were maintained on a fccding regimen containing 0.05% 2-acetylaminofluorene. The diet of 2 groups of 2-acetylaminofluorene-treated animals was supplemented with either 0.19'0 glutathione or N-acetylcysteine. The effects in the liver of the exogenously supplied thiols during 2-acetylaminofluorenc treatmcnt were assessed evaluating DNA damage, glutathione levels, activity of marker enzymes glucose-6-phosphatase, y-glutamyltranspeptidase, and glutathione-S-transferase, survival rates, and development of salivary gland tumors. Our results demonstrate that the mortality due to 2-acetylaminofluorene exposure was reduced or completely abolished by thiols and that the development of salivary gland tumors was inhibited. Exogenously supplied thiols significantly reduced DNA damage as assessed by alkaline elution. At the doses employed, glutathione and N-acetylcysteinc induce early stimulation of glutathione-Stransferase, had little effect on the loss of glucose-6-phosphatase activity and scanty influence on the net increase in y-glutamyltranspeptidase activity.
INTRODUCTION
Biological compounds containing sulfhydryl groups are involved in the maintenance of cell structure and function, with reduced glutathione the most abundant and ubiquitous intracellular product. Among the many important physiological roles played in the liver by reduced glutathione (GSH), a relevant aspect is the detoxification of reactive intermediates formed in the cell either spontaneously or enzymatically. These reactive intermediates may be electrophiles such as epoxides, quinones, and cations, or peroxides and free radicals. In these reactions, GSH may serve either as a nucleophile, forming conjugates or acting as a reductant. In the latter reaction GSH is oxidized to its disulfide form (GSSG) (26, 29) .
To investigate the role played by natural and synthetic thiols on the carcinogenic process induced by chemical agents, we have utilized the experimental model for the development of hyperplastic nodules in the liver of rats fed with a discontinuous cyclic dietary regimen containing 0.05% 2-acetylaminofluorene (AAF) (3, 39) .
The toxic properties of AAF, as is the case of many aromatic amines (30, 33) are related to thc strong electrophilic derivatives produced during detoxification and identified as N-hydroxy esters (N-OH-AAF)(9,3 1,34). Ultimate AAFmetabolites react with nucleophilic macromolecules within the cell as confirmed by AAF moieties that have been found bound to protein, RNA, and DNA (10, 24). GSH, a strong nucleophile, has been shown to form conjugates with the metabolites of carcinogenic aromatic amines such as N-methyl-4-aminoazobenzene (2 1, 23) and N-OH-AAF (28). Although AAF metabolites (N-OH-AAF) are excreted in thc bile mainly as glucuronide or sulfate conjugates, watersoluble metabolites can also arise from the conjugation ofGSH with N-0-sulfate esters ofAAF. Such a conjugation can occur either by a direct S,2 reaction of the thiol group with sufficiently electrolyzed by GSH-S-transfense (1 5 , 27) . 
Feeding Regimen
FIG. 1 .-Survival ofmale Wistar rats exposed to 4-cycle feeding regimens containing 0.05% AAF, 0.1% GSH, and 0.1% NAC as indicated. Changes in survival were calculated on the basis of the number of animals exposed in each group. Survival ofcontrol normal rats, control GSH, and control NAC was 100%.
Taking into account that a decreased bioavailability of GSH can enhance the damaging effect of reactive intermediate species it seemed worthwhile to ascertain if the oral administration of GSH o r N-acetyl-1-cysteine (NAC) which is by far the most widely used synthetic thiol, might prevent the hepatic depletion of GSH, the damage to DNA, and maintain physiological levels of marker enzymes such as glucose-6-phosphatasc (G-6-Pase), yglutamyltranspeptidase (GGT), and glutathione-stransferase (GSH-T), which are altered during AAF treatment. Exogenously supplied GSH cannot be absorbed unaltered and hydrolysis of the tripeptide is required to allow the transport and the utilization of the aminoacids as precursors for the intracellular GSH resynthesis at the hepatic level(2,20), whereas NAC can freely pass through the cell membrane (35) . In this study the influence of thiols on DNA repair was investigated also. Animals arid Treatnretit. Male Wistar rats weighing 80-100 g were used. The animals were kept 3-4 per stainless steel cage under standard conditions (23 +-1"C, 12/12 hr light/dark cycle). Tap water was given ad libitiiin. The animals were divided into six groups. Thc control groups received: a regular balanced standard meal (Vogt-Moller diet, 24.5% protein, Group l), the standard meal supplemented with 0.1% w/w GSH (Group 2), and the standard meal supplemented with 0.1% w/w NAC (Group 3). Animals treated with AAF received a standard meal supplemented with 0.05% w/w AAF and grouped as follows: standard 0.05% AAF diet (Group 4), standard AAF diet supplemented with 0.1% w/w GSH (Group 5), and standard AAF diet supplemented with 0.1% w/w NAC (Group 6).
METHODS

Cheriiicals and
D N A DAMAGE [Elution in Alkali]
All groups were fed ad libitum. The daily uptake of GSH or NAC was calculated on the basis that a 100-g rat consumed 10 g of pelleted meal. To overcome the production scrap and the oxidation ofthiols in the time, the amount was increased by 25%. The pellet preparation was replaced when the thiol content reached 90% of the nominal value. The quantitative determination was carried out by the Ellman's method using as a reference standard curves obtained with GSH and NAC (12) .
Rats were maintained on a 4-cycle discontinuous feeding regimen. Each cycle consisted of a 3-week exposure to a diet containing 0.05% AAF (and/or supplemented with 0.1% thiol) followed by 1 week of normal diet, as indicated by Teebor and Becker (3, 30) . Four to five animals from each group were sacrificed under anesthesia after the third and fourth week of each cycle. This was in order to evaluate the effects of the treatment and to verify the repair ability during the week of normal diet. The liver was dissected and one gram was taken to evaluate DNA damage. This determination was carried out on crude preparations of nuclei by the alkaline elution procedure developed by Kohn et a1 (25) , using the technique and the modifications previously described (4,6). The DNA fraction eluted and retained on the membrane filter was calculated after fluorometric microdetection according to the method of Cesarone et a1 (5). GSH concentration was evaluated on the 12,000 x g supernatant according to the method of Hissin and Hilf (19) . An aliquot of tissue was weighed and homogenized in 0.25 hi sucrose-20 mM Tris-HC1 pH 7.4 to estimate the enzymatic activities. GGT was evaluated by the technique of Edwards (1 l) , and G-6-Pase was assayed as described by Swanson (38) . GSH-S-transferase wasestimated on the 105,000 x gsupernatant using 1 -chloro-2,4-dinitrobenzene (CDNB) as substrate, according to Habig et a1 (16) . Protein was determined by the method of Hartree (1 8) using bovine serum albumin as standard. Inorganic phosphate was assayed by the method of Chen et a1 (8). A piece of tissue was taken for histochemical examinations. 
RESULTS
It is known that exposure of male Wistar rats to a discontinuous 4-cycle feeding regimen containing 0.05% AAF induces a modified enzymatic pattern and preneoplastic nodule development in the liver and tumors of salivary glands. As shown in Fig. 1 , the concomitant administration of low molecular weight natural or synthetic thiols during a 4-cycle feeding regimen resulted in increased survival that reached 91.7 or 100% when NAC or GSH were administered, respectively. In addition, the salivary gland tumors induced by the 4-cycle discontinuous AAF treatment were not detected in the surviving animals when the diet containing AAF was supplemented with 0.1% GSH or NAC (data not shown).
The AAF-induced DNA damage can be reduced by administration of thiols (Fig. 2) . The protective effects against the active metabolites of the carcinogen, evaluated as decreased elution of DNA in alkali, is well evident in the liver of animals sacrificed on the third week of the first and second cycles, but no significant differences were observed in the third and fourth cycles of treatment.
An indication of the DNA repair efficiency was obtained by the evaluation of alkali-labile sites left after the week in which the AAF treatment was suspended. Increased repair ability was observed in AAF-treated animals supplemented with GSH or NAC during the first and second cycle of treatment. However, the administration of thiols did not affect the progressive accumulation of alkali-labile sites on DNA during the last two cycles of exposure to the carcinogen (Fig. 2) .
The slight depletion in GHS levels, induced within weeks of treatment, was only partially prevented by the oral administration of thiols (Fig. 3) . Starting from the second cycle, a significant and constant increase in GSH concentrations occurred either in AAF-treated animals or in those supplemented with thiols. The modification of GSH-T activity, induced by treatment with AAF, was affected by thiol administration (Fig. 4) . In fact, AAF-treated animals showed markedly persistent increments after the third cycle of treatment, whereas in thiol-supplemented animals such an increase was evident at the end of the second cycle.
The enhancement of GGT activity, a sensitive marker for the detection of the effects of carcinogens on liver tells, occurred as a function of length of (Fig. 5) . Three to four cycles of AAF treatment resulted in a net increase in GGT activity that was not affected by the administration of thiols. The effects of the AAF treatment on liver G-6-Pase activity during the 4-cycle feeding regimen indicated that GSH and NAC administration to rats treated with AAF significantly reduced the loss in G-6-Pase activity. From the third cycle on, this effect was no longer evident and the behavior of this enzyme activity was similar in all groups (Fig. 6 ).
DISCUSSION
Several authors indicated that a single cycle of treatment with AAF, consisting of a 3-week exposure to a diet containing the carcinogen followed by 1 week of normal diet, induces small foci of altered hepatocytes (3, 13, 14, 39) . These foci can increase in number by exposure to an additional cycle and many preneoplastic nodules can be detected in the liver after three cycles of treatment. These nodules can disappear when the carcinogen is removed from the diet, but the exposure to an additional fourth cycle results in larger nodules composed of altered, resistant hepatocytes that at this stage persist and progress without further exposure to AAF. Using this experimental model, we have studied the influence of exogenously supplied natural and synthetic thiols during the preneoplastic development. In 1972, E. C. Miller (1).
Our results demonstrate that the oral administration of GSH or NAC influences to some extent the alterations induced in rat liver by AAF exposure even though it does not completely prevent the development ofpreneoplastic nodules. However, thiol supplementation to AAF-treated animals results in an increased survival and in the inhibition of salivary gland'tumor development.
The reduced level of DNA damage and the maintenance of an efficient DNA repair activity indicate that during the first two cycles of treatment GSH and NAC exert a scavenging effect against the active metabolites ofAAF and/or free radicals as suggested by Rayshell et al (37) . This effect is no longer detectable after the third and the fourth cycle. The accumulation of DNA damage may be therefore related to an altered repair activity. Thiol administration does not prevent the increase in GSHtransferase activity. Such an increase, however, may be considered a positive response of the hepatocytes for the detoxication of AAF metabolites that after conjugation can be more rapidly excreted or metabolized to mercapturic acids.
A slight protective effect on the AAF-induced decrease in G-6-Pase activity was evident in animals supplemented with thiols. This effect maybe ascribed to a limited protection at the membrane level due to an increased bioavailability of sulfhydryl groups. The biochemical assay of hepatic GGT activity does not evidence significant differences between AAFtreated and thiol-supplemented animals. An elevated GGT activity is a well known marker of chemically induced modifications of hepatic cells. Assuming that the enhanced GGT activity may reflect the ability of hepatocytes to respond to GSH-depleting stimuli, the AAF-induced increase can be considered as a protective response (17). This enzymatic activity is required for the hydrolysis of circulating GSH and allows the internalization of GSH precursors into hepatic cells (20) . The slight differences in the effects of GSH and NAC during AAF treatment are probably due to their different metabolic pathways. NAC can permeate the cell membrane and is per se a precursor of GSH, whereas the internalization of the exogenously supplied tripeptide requires hydrolysis. In conclusion, our results indicate that natural and synthetic thiols, such as GSH and NAC, have only a limited protective effect on AAF-induced early steps in hepatocarcinogenesis since thiols can delay, but not prevent, DNA damage and the development of liver preneoplastic nodules.
